Colonization of genomes by a new selfish genetic element is detrimental to the host species and must lead to an efficient, repressive response. In vertebrates as well as in Drosophila, piRNAs repress transposons in the germ line, whereas endogenous siRNAs take on this role in somatic cells. We show that their biogenesis depends on a new isoform of the Drosophila TRBP homologue loquacious, which arises by alternative polyadenylation and is distinct from the one that functions during the biogenesis of miRNAs. For endo-siRNAs and piRNAs, it is unclear how an efficient response can be initiated de novo. Our experiments establish that the endo-siRNA pathway will target artificially introduced sequences without the need for a pre-existing template in the genome. This response is also triggered in transiently transfected cells, thus genomic integration is not essential. Deep sequencing showed that corresponding endo-siRNAs are generated throughout the sequence, but preferentially from transcribed regions. One strand of the dsRNA precursor can come from spliced mRNA, whereas the opposite strand derives from independent transcripts in antisense orientation.
Introduction
The appearance of a new selfish genetic element in an organism's genome is often accompanied by amplification and mobilization, leading to a highly mutagenic situation until the cells regain control. Most eukaryotic organisms carry a large proportion of transposons in their genome, indicating that the taming of selfish genetic elements was often not immediately successful (Orgel and Crick, 1980; Pace and Feschotte, 2007) . In Drosophila, zebrafish, rat and mouse germ line cells, the piRNA system can efficiently repress transposons (for review, see ), but only if there is a pre-existing, maternally contributed pool of piRNAs with corresponding sequence (Blumenstiel and Hartl, 2005; Brennecke et al, 2008) . If not, the resulting progeny has severely impaired fertility due to frequent transposon mobilization. The necessary maternal pool of piRNAs to prevent this phenomenon (called hybrid dysgenesis) can be built up slowly over the course of several generations (for review, see Chambeyron and Bucheton, 2005) . Although an amplification loop has been proposed that can explain the maintenance of corresponding sense and antisense piRNA populations, we currently do not understand how a piRNA response is initiated de novo (for review, see Aravin et al, 2007; Hartig et al, 2007; O'Donnell and Boeke, 2007) .
Even though germ cells are the ultimate target for selfish genetic elements, they are not the only cells that can be faced with a newly emerging transposon threat. Certain viruses, for example, can carry transposable elements in their genome, which will become integrated into the host cell genome on establishment of latency (van Oers and Vlak, 2007) . Silencing of transposable elements is, therefore, also important in somatic cells to reduce the possibility of transition into the germ cell lineage (Chalvet et al, 1999; Pelisson et al, 2002) . The recent discovery of endo-siRNAs points to one mechanism by which transposons can be silenced in the somatic cells of Drosophila (Chung et al, 2008; Czech et al, 2008; Ghildiyal et al, 2008; Kawamura et al, 2008) , and a similar class of RNAs has been detected in mouse ES cells (Watanabe et al, 2006 (Watanabe et al, , 2008 Babiarz et al, 2008; Tam et al, 2008) . The transposonmatching endo-siRNAs are comparable with piRNAs in the sense that they induce homology-dependent repression, but their biogenesis is clearly different: a roughly equal distribution of sense-matching and antisense-matching endo-siRNAs implies a double-stranded precursor. This is substantiated by the dependence of endo-siRNAs on the enzyme Dicer-2 (Dcr-2) that also processes dsRNA to induce 'classical' RNA interference (for review, see Golden et al, 2008) . In the case of mouse oocytes, a generation of dsRNA in trans from two distinct loci (e.g. a gene and a corresponding processed pseudogene) has been proposed (Tam et al, 2008; Watanabe et al, 2008) . Despite these insights into endo-siRNA biogenesis, one fundamental question remains unsolved: can a newly appearing selfish genetic element be recognized without the need for a preexisting pool of small RNAs and an inactive genetic remnant or pseudogene? And if yes, how are the double-stranded precursor molecules for endo-siRNAs generated?
Loqs normally functions together with Dcr-1 in miRNA biogenesis (Forstemann et al, 2005; Jiang et al, 2005; Saito et al, 2005; Park et al, 2007) , whereas the usual partner for Dcr-2 is R2D2 (Liu et al, 2003) . The dependence of endosiRNAs on dcr-2 in combination with loqs, but not r2d2, was unexpected, as it clearly distinguishes the dsRNA-mediated response against transposons from the r2d2-dependent response that occurs after infection with an RNA virus (Wang et al, 2006) . In addition, it suggested significant overlap between the miRNA and siRNA biogenesis pathways at the level of the processing step, whereas so far an exchange had only been described at the Argonaute loading step Tomari et al, 2007) . The complex could be verified biochemically (Czech et al, 2008 ), but it is unclear which of the Loqs protein isoforms is binding to Dcr-2. As only one isoform, Loqs-PB, is essential for miRNA biogenesis together with Dcr-1, the overlap between the miRNA and the endo-siRNA pathways may, in fact, be smaller than what was initially assumed. In an increasingly complex repertoire of small RNAs (Core et al, 2008; He et al, 2008; Preker et al, 2008; Seila et al, 2008; Fejes-Toth et al 2009; Lee et al, 2009; Taft et al, 2009) , the importance of distinguishing each class during its biogenesis and of ensuring functional specificity is obvious. This is indeed an almost daunting task, as the various classes of small RNAs all share a common chemical structure and populate similar size ranges.
In this study, we show that biogenesis of endo-siRNAs depends on a new isoform of the dsRNA-binding domain protein Loquacious (also known as R3D1), which is distinct from the isoform acting in the miRNA pathway. We describe a cell-culture model in which an artificial plasmid sequence, integrated at high-copy number, has become subject to endosiRNA-mediated repression. The artificial, as well as an endogenous transposon target for endo-siRNAs are silenced through a post-transcriptional mechanism, indicating that repression is direct, and deep sequencing analysis showed corresponding endo-siRNAs. The repressive response also occurred in transiently transfected cells. Thus, Drosophila endo-siRNAs can mount a de novo response without a need to integrate into the host cell genome or the need for any preexisting sequence that can serve as a template for the production of small RNAs.
Results

Production of Drosophila endo-siRNAs depends on a new isoform of loqs
The observation that endo-siRNA-mediated silencing depends on loqs, in combination with dcr-2, was a surprise because it suggested that a hybrid complex with components of the canonical miRNA and siRNA biogenesis pathways exists. However, this interpretation may have been an oversimplification because the loqs gene can give rise to, at least, three different mRNAs, each coding for a protein with distinct properties (Forstemann et al, 2005; Jiang et al, 2005; Saito et al, 2005) . Only one isoform, called Loqs-PB, is an essential partner of Dcr-1 in the biogenesis of miRNAs (Jiang et al, 2005; Park et al, 2007) . We carried out 3 0 RACE experiments and detected a new mRNA variant of loqs (loqs-RD), in which an alternative polyadenylation in the third intron leads to a new protein isoform that lacks the 3rd dsRBD of Loqs-PB/PA and contains 22 amino acids of new protein sequence ( Figure 1A and Supplementary Figure 1 , Loqs-PD).
Isoform-specific knockdowns are possible if the corresponding mRNA contains a stretch of unique sequence that is amenable to RNAi. In the case of the loqs gene, it is possible to target the loqs-RC and loqs-RD RNA individually, the loqs-RB RNA together with the loqs-RC RNA, loqs-RA, loqs-RB and loqs-RC together through the common sequence towards the 3 0 end and finally all four loqs isoforms simultaneously with Figure 1 The Loqs-PD isoform is primarily responsible for endo-siRNA biogenesis. (A) Schematic diagram of the four loqs mRNA and protein variants currently known. Start codons are indicated by vertical green bars, stop codons by vertical red bars. The regions from which dsRNA was derived to trigger isoform-specific RNAi are indicated below the mRNA variants. The dsRBD motifs are indicated in the cartoon drawings of the protein isoforms (diagram analogous to Forstemann et al, 2005) . (B) Western Blot to confirm depletion of specific Loqs protein isoforms. (C) Northern blot to detect a hairpin-derived endo-siRNA (called CG4068 B in Okamura et al, 2008b ) and the bantam miRNA; 2S rRNA serves as a loading control.
dsRNA directed against the amino-terminus of Loqs. Detection of Loqs protein isoforms on immunoblots has shown three bands of distinct sizes, which had been assumed to correspond to Loqs-PB, Loqs-PA and Loqs-PC (Forstemann et al, 2005) . Using our isoform-specific knockdown, we could show that the smallest of these bands predominantly contains the new Loqs-PD isoform ( Figure 1B) .
To determine which of the four Loqs protein isoforms is required for endo-siRNA biogenesis, we depleted individual Loqs protein isoforms and then measured the levels of an endo-siRNA derived from the long hairpin-forming gene, CG4068, by northern Blotting (Czech et al, 2008; Kawamura et al, 2008; Okamura et al, 2008b) . Only depletion of the loqs-RD transcript correlated with a reduced production of the CG4068 'B' endo-siRNA ( Figure 1C ), whereas the biogenesis of the bantam miRNA was not impaired when loqs-RD was depleted. Depletion of loqs-RB þ RC, as expected, led to an increased abundance of pre-bantam. Co-IP of Loqs with Dcr-2 has been described previously (Czech et al, 2008) but the antibody employed recognized all Loqs protein isoforms. Using cDNA constructs coding for only one of the splice variants, we could distinguish Loqs-PA, PB and PD in transfected S2 cells and determine the potential of each isoform to interact with Dcr-2 by co-immunoprecipitation. Epitopetagged Loqs-PD, similar to tagged R2D2, was able to associate with Dcr-2 but not with Dcr-1, though the extent of Dcr-2 association varied between experiments (Supplementary Figure 2) . This is consistent with the previous observation that on the level of the endogenous protein, the smallest Loqs isoform (identified as PD in this paper) does not co-immunoprecipitate with Dcr-1 (Forstemann et al, 2005) . In contrast, tagged Loqs-PB and Loqs-PA can associate with Dcr-1, and also to some extent with Dcr-2. As only Loqs-PD is required for endo-siRNA generation, it seems that the Dcr-2-Loqs-PD complex is exclusively responsible for endo-siRNA generation.
Stably integrated transgenes can be subject to repression that depends on endo-siRNA biogenesis factors To further validate the importance of the Loqs-PD isoform for endo-siRNA-dependent silencing, we attempted to generate a reporter system that closely resembles natural endo-siRNA targets and, at the same time, provides a convenient read-out. Our reasoning was that some of the canonical features of transposable elements, such as multicopy insertion and the formation of repetitive regions, are shared by transgenes that have integrated into the host cell genome after transfection and selection of stable cell culture lines. Indeed, Ago2-dependent repression of a stably integrated GFP expression plasmid in Drosophila cells has been described . We examined a clonal cell line (called 63N1) that expresses GFP (Figure 2A ) and tested the changes in GFP levels on impairment of known miRNA/siRNA pathway components. From the three RNaseIII enzymes Drosha, Dcr-1 and Dcr-2, only the latter seemed to be involved in repression of GFP. Depletion of the cytoplasmic dsRBD protein, Loqs, also resulted in a de-repression of GFP, whereas depletion of its homologue, R2D2, seemed to increase repression. Finally, Ago2 is the main effector protein mediating this response, although depletion of Ago1 also resulted in a slight de-repression ( Figure 2B ). These are precisely the genetic requirements of the endo-siRNA pathway in Drosophila (Czech et al, 2008; Kawamura et al, 2008; Okamura et al, 2008b) . If the GFP transgene has caused an endo-siRNA response, then the new Loqs-PD isoform should be required for its repression. Using isoform-specific knockdowns, as described in Figure 1A , we observed that GFP fluorescence did not change upon a knock down of loqs-RA þ RB þ RC or loqs-RC alone. In contrast, specific targeting of loqs-RD as well as targeting loqs-RD and loqs-RC together led to an even stronger de-repression than knock down of all loqs variants ( Figure 2C ). Thus, Loqs-PD seems to be required for both hairpin-derived and repetitive element-derived endo-siRNAs.
The 63N1 cell line has mounted a bona fide endo-siRNA response against the integrated transgene, but the extent to which this occurs varies between clones. In a previous publication, a cell line (called 63-6) derived independently from the same stock of parental S2 cells and transfected with the same expression plasmid showed only marginal response towards depletion of Dcr-2, Loqs and Ago-2 . We re-examined this cell line and could corroborate that there is a minor, but significant increase in GFP levels on depletion of Dcr-2 (1.2-fold, Po0,01) and loqs-RD (1.1-fold, Po0.02). One potential difference between the two cell lines is the number of plasmid copies that have integrated in the genome. Therefore, we compared the copy number with isolated genomic DNA by quantitative PCR. We amplified a region from the ubiquitin promotor that drives expression of GFP and compared the results with GAPDH and two other single-copy genes. Relative to GAPDH, the ubiquitin promotor was 8-fold more abundant in the cell line with the blunted response, whereas it was 42-fold more abundant in the 63N1 cell line ( Figure 2E ). This suggests that a high-copy number may favour the establishment of robust repression.
GFP mRNA is a direct target of the endo-siRNA response Endogenous RNA targets of the endo-siRNA pathway become more abundant on depletion of Dcr-2 or Ago2. The simplest interpretation of these results is that endo-siRNAs-like siRNAs-induce the post-transcriptional degradation of mRNAs, and this capacity has indeed been shown (Chung et al, 2008; Czech et al, 2008; Ghildiyal et al, 2008; Kawamura et al, 2008; Okamura et al, 2008b) . To prove that the GFP transgene is a direct target of the small RNAs, and to rule out that upregulation of GFP is an indirect consequence of endosiRNA loss leading to increased transcription of the GFPcoding gene, we examined transcription and degradation rates of GFP mRNA in vivo by pulse labelling newly synthesized RNA (Johnson et al, 1991; Kenzelmann et al, 2007; Dolken et al, 2008) . To verify the procedure (depicted in Figure 3A ), we determined the ratio of the hsp70 mRNA, which has a half-life of 15-30 min in S2 cells (Petersen and Lindquist, 1988) , to the stable rp49 mRNA in each RNA fraction. As expected, we found that relative to rp49, hsp70 mRNA was significantly more abundant in the newly synthesized RNA fraction than in unfractionated RNA (o1 h versus total RNA, Figure 3B ). In addition, we examined the effect of our dcr-2 RNAi in comparison with our control RNAi against DsRed. As shown in Figure 3C , knock down reduced the dcr-2 mRNA levels by about twofold in total RNA (cDNA synthesis was primed with random hexamers, thus we potentially also detected mRNA degradation fragments), but it was much more pronounced (20-fold) in the flow-through fraction (41 h old) of our RNA separation procedure. We did not observe any significant change of dcr-2 mRNA in the newly transcribed fraction. The 1 h time window for labelling seems, therefore, appropriate to separate transcriptional from post-transcriptional events.
If de-repression of our GFP transgene occurred by a transcriptional mechanism, then inhibition of endo-siRNA biogenesis should cause an increased abundance of target mRNAs in the o1 h RNA fraction. However, if a post-transcriptional mechanism is responsible, the increase should be stronger in the 41 h RNA fraction. We observed a trend towards increased mRNA levels for our GFP transgene and the mdg1 transposon (an endogenous target of the endosiRNA pathway) in the total RNA fraction on knock down of dcr-2. After fractionation, we could detect significant changes in the 41 h fraction for GFP and mdg1 ( Figure 3D , Po0,05, two-tailed z-test, n ¼ 3). We did not detect any significant changes in the newly transcribed RNA fraction, indicating that the increased GFP levels caused by impaired endo-siRNA biogenesis are due to an increased stability of the GFP mRNA. As a positive control for changes in the rates of transcription, we used a UAS-GFP vector with and without co-expression of the Gal4 transcription factor. This resulted in an increase of GFP mRNA in all three RNA fractions (Supplementary Figure 3) .
A second natural endo-siRNA target, the transposon 297, showed no significant upregulation in any of the three fractions. One possible reason for this may be that endo-siRNAs directed against 297 are exceptionally abundant (as determined by deep sequencing; reads antis. to GFP: 8405; reads antis. to mdg1: 4146; reads antis. to 297: 35083) and that our dcr-2 depletion may not have been efficient or long enough for these endo-siRNAs to decay.
Detection and analysis of transgene-derived endo-siRNAs
If GFP repression is due to mRNA targeting by endo-siRNAs, then small RNAs with complementarity to GFP should be present in the reporter cells. We isolated 18-30-nt long RNAs from the parental S2 cells as well as the stable GFP-expressing clone 63N1, then analysed them by deep sequencing. After removal of adapter sequences and length selection (20-24 nt size window), we obtained 1098 002 reads for the parental cell library and 2 678 671 reads for the 63N1 cell library. Surprisingly, 359 845 reads from the parental cell library and 1112196 reads in the 63N1 library corresponded to miR-184. This exceeds by far the frequency with which miR-184 has been detected in other studies and we, therefore, disregarded these reads during further analysis, leaving 738157 reads in the parental cell library and 1 566 475 reads in the 63N1 cell library. After mapping to the sequence of our GFP expression construct, we found 16 424 corresponding reads in the 63N1 cell library and 167 reads in the parental cell library (see Table I ). The size distribution of these reads showed a sharp peak at 21 nt (Supplementary Figure 4) , consistent with the length preference of Ago2. When we analysed from which positions in our construct the corresponding reads were derived, we found that not only the GFP-coding region but also many other regions of the construct gave rise to small RNAs ( Figure 4A ). Overall, sense-and antisense-matching reads were equally represented (8019 sense reads versus 8405 antisense reads). This is an indication that the small RNAs directed against the construct derive from a double-stranded precursor (Czech et al, 2008; Ghildiyal et al, 2008; Kawamura et al, 2008; Okamura et al, 2008a) . We also re-analysed the published deep sequencing data from the 63-6 cell line for corresponding small RNA reads. Similar to 63N1 cells, we found reads derived from many regions of the construct ( Figure 4B ), though the white gene produced many more endo-siRNAs than it did in the 63N1 cells. This could reflect differences between the cell lines (e.g. due to integration sites) or differences in the deep sequencing techniques (pyrosequencing versus sequencing by synthesis).
Using the 63-6 cell dataset, we could show that the transgene-derived endo-siRNAs are indeed loaded into Ago2 complexes. If a small RNA resides in Drosophila Ago2, it will be 2 0 -O-methyl modified and become resistant to b-elimination at its 3 0 end . By comparing the read counts from a mock-treated RNA sample with a b-eliminated RNA sample, we could assess the extent to which the endosiRNAs derived from our construct were loaded into Ago2 complexes (Supplementary Figure 5) . We found 510 corresponding reads in the mock-treated small RNA population and 4167 reads in the b-eliminated reads (excluding the reads that derive from the dsRNA directed against GFP with which the cells had been treated in this study). This enrichment (8.17-fold) is identical to the 8.2-fold enrichment calculated for endo-siRNAs corresponding to transposable elements in this data set (Chung et al, 2008) .
Transient transfection also leads to an endo-siRNA response
What is triggering the production of double-stranded RNA from the expression construct in the stable cell lines? One possibility is that a head-to-head arrangement of plasmid concatemers is produced upon integration and that readthrough transcription yields double-stranded RNA, as has been proposed for natural transposon clusters (Siomi, 2008) . Alternatively, it may be the high-copy number per se that is somehow triggering dsRNA production. To assess whether integration is a prerequisite for endo-siRNA generation, we examined a small RNA library generated from transiently transfected cells. The deep sequencing data were processed, as described before, and a total of 199 418 reads remained after the removal of adapter sequences and length selection. We found 759 reads corresponding to the plasmid sequence. After normalization to small RNAs derived from the CG4068 hairpin, this corresponds to a roughly fivefold lower abundance in the transiently transfected cells relative to the 63N1 cells (Table I) . However, this comparison should be regarded as a rough estimate because normalization of deep sequencing libraries is not straightforward; furthermore, the total read number was considerably lower for the transfected cells than for the 63N1 cells. Nonetheless, the abundance of small RNAs in transiently transfected cells seems too high to be caused by rare cells within the population that have already integrated the plasmid in their genome. . In this experiment, the cells had been treated with dsRNA corresponding to a short stretch of the GFP mRNA; this region is indicated.
To corroborate the fact that transient transfection can lead to endo-siRNA production, we analysed a published small RNA library derived from S2 cells that had been transfected with an expression plasmid for epitope-tagged Ago2. The library contains small RNAs isolated after immunoprecipitation of the tagged Ago2, among them siRNA-sized reads mapping to the transfected plasmid (G Hannon, personal communication). As both our GFP expression vector and the Ago2 expression construct are based on pCASPER-2, we determined the number of small RNA reads matching to the vector backbone to compare the occurrence between the libraries. The Ago2 IP library contained 50 564 small RNA reads matching pCASPER-2, indicating that in this case a substantial production of endo-siRNAs has occurred. Table I summarizes the read counts corresponding to the plasmid backbone as well as the endo-siRNA generating hairpin locus CG4068 for normalization. Though it is difficult to compare an analysis of all small RNAs with an analysis of only the Ago2-associated small RNAs, there seems to be a difference in the extent to which transient transfection has triggered the endo-siRNA response between the two experiments. We prefer not to speculate about potential causes for this, but simply want to conclude that integration into the host genome-though it may lead to a more efficient response-is not an absolute prerequisite for the generation of endo-siRNAs.
Spliced mRNA and antisense transcripts can each provide one strand for the duplex endo-siRNA precursor A detailed analysis of the small RNA population can give insights into the nature of its precursor molecules. We combined all of the transgene-containing deep sequencing libraries discussed in the paper (63N1, pKF63 transf., 63-6 mock, 63-6 b-elim., tagged Ago2-IP) into one dataset, then analysed the endo-siRNA population derived from the miniwhite gene present in all constructs. This marker gene is not derived from cDNA and thus still contains introns. Comparison of small RNA occurrence with the exon-intron structure showed that the exonic parts of the gene have a higher propensity to generate small RNAs than the intronic parts (depicted in Figure 5 , top panel); whereas 38 620 reads were found from the entire mini-white gene (3360 nt), 34 504 reads mapped to the spliced white mRNA (2212 nt). As a 34% reduction of the sequence length reduced small RNA occurrence by only 10.1%, the intron sequences must be less likely to generate endo-siRNAs. The simplest explanation for this is that in most cases, spliced white mRNA is providing one strand of the endo-siRNA precursor.
If mRNA can provide the sense strand, then how is the antisense strand generated? In principle, three mechanisms can be envisioned: either the mRNA serves as a template for generation of the antisense strand in an RNA-dependent RNA polymerase (RdRP)-like manner; a processed pseudogene gives rise to antisense transcripts as described for mouse oocytes (Tam et al, 2008; Watanabe et al, 2008) ; or antisense transcription of the DNA is occurring and the two singlestranded RNAs form a duplex only after their production. The Drosophila genome contains few pseudogenes (Harrison et al, 2003) and a BLAST search at low stringency showed no potential pseudogene for white (data not shown). Thus we could test whether an RdRP activity generates the dsRNA precursor by examining endo-siRNAs covering the exon-exon junctions of the white gene: while an RdRP-like mechanism will produce double-stranded RNA along the entire transcript, antisense transcripts of the mini-white marker gene should not be spliced correspondingly and thus exon-exon junctions in the spliced sense strand cannot anneal with a contiguous antisense transcript. As a consequence, endo-siRNAs should only be produced from within an exon (i.e. not across an exon-exon junction). We, therefore, examined the small RNA density along the spliced white mRNA and compared this data with the location of the exon-exon junctions (Figure 4 , bottom panel). In five out of five cases, the exon-exon junctions are preceded by a 15-20 nt region that is essentially devoid of endo-siRNA reads. This is consistent with a lack of endo-siRNAs that cross the exon-exon junction and, consequently, the idea that antisense transcription is providing the second strand to form the duplex precursor for endo-siRNAs.
Discussion
We present an analysis that extends and refines our understanding of a small-RNA-mediated host defense system against selfish genetic elements in somatic cells. We have identified a new isoform of the Dicer partner Loquacious, thus explaining how endo-siRNA and miRNA biogenesis are kept distinct. Furthermore, we show that the endo-siRNA response can be initiated de novo and that artificial sequences can be targeted without a need for integration into the host genome.
Distinct Loqs isoforms separate the biogenesis routes for endo-siRNAs and miRNAs
The discovery of a new Loqs protein isoform as a central player in endo-siRNA biogenesis sheds light onto the question of how a single gene-loqs-can participate in the recognition of pre-miRNA structures together with Dcr-1 and dsRNA together with Dcr-2 (Czech et al, 2008; Okamura et al, 2008b) : a different domain content and the Loqs-PD specific amino acids could well be responsible for the distinct properties. For example, the Loqs-related RDE-4 protein from Caenorhabditis elegans binds long doublestranded RNA cooperatively and shows a length-dependent decrease in binding affinity between a 650-nt fragment of dsRNA and an siRNA in vitro. This decrease is exacerbated by the deletion of the carboxy-terminus, starting at the end of the second dsRBD (Parker et al, 2008) . Truncated RDE-4 does not form homodimers any more and cannot sustain the production of siRNAs in vitro (Parker et al, 2006) . It is interesting to note that in humans, the loqs homologue TRBP also gives rise to, at least, three alternative splice variants, one of them lacking the third dsRBD and thus resembling Loqs-PD/PC (Haase et al, 2005) .
The isoform-specific knockdown experiments in our study show that all three, presently known, Drosophila small RNA biogenesis pathways in somatic cells are defined by a distinct set of required factors and can be genetically separated: Dcr-1 and Loqs-PB for miRNAs (including miRtrons), R2D2 for siRNAs-even those derived from transgenic hairpin constructs (Forstemann et al, 2005) -and Loqs-PD for endosiRNAs ( Figure 6A ). It should be noted, however, that this exclusively linear model is to some extent an oversimplification. Certain miRNAs can become incorporated into Ago2 complexes Seitz et al, 2008) , Loqs and Dcr-1 have a minor, but detectable, role in transgenic RNAi Forstemann et al, 2005) and endosiRNAs can persist to a certain extent in the absence of ago2 or loqs (Czech et al, 2008; Okamura et al, 2008b) . It is also not known whether Loqs-PD is required for the processing of endo-siRNA precursors or for the Ago2 loading step, or for both. From the perspective of the Loqs protein isoforms, we now know that Loqs-PB participates in miRNA biogenesis (Forstemann et al, 2005; Jiang et al, 2005; Saito et al, 2005) and Loqs-PD participates in endo-siRNA biogenesis. This leaves the open question for the substrates of the Loqs-PA isoform.
Endo-siRNAs target multicopy sequences on the mRNA level
Using a nascent RNA labelling and purification strategy, we could show that endo-siRNAs directed against a transgene construct predominantly affect the degradation rate of the corresponding transcripts and do not impose transcriptional regulation. This post-transcriptional mechanism is fully consistent with previous experiments in which target-RNA cleavage mediated by endo-siRNA was directly detected in vitro (Kawamura et al, 2008; Okamura et al, 2008b) and in vivo (Czech et al, 2008) . Our finding extends these observations to the statement that a post-transcriptional mechanism is sufficient to explain most-if not all-of the repression mediated by endo-siRNAs. A previous study of a GFP transgene expressed through multicopy plasmid insertion in Drosophila S2 cells concluded that on knock down of dcr-2 or ago2, the transgene mRNA has a longer half-life and carries a shorter poly-A tract . As the depletion of dcr-2 or ago2 resulted in more abundant GFP mRNA, but with shorter poly-A tails, the silencing mechanism(s) employed by endo-siRNAs may not rely solely on homology-mediated cleavage but also involve other aspects of RNA metabolism.
At this point, we cannot exclude that endo-siRNAs cause a minor extent of transcriptional silencing that lies below our distinction limit. Furthermore, it is formally possible that transcriptional silencing may need a longer time to revert than what is achievable with RNAi in cell culture. However, a direct comparison showed overall very similar levels of transposon transcript accumulation between dcr-2 RNAi in cultured cells and dcr-2 L811fsX mutant flies (Chung et al, 2008) . In summary there is substantial support for a predominantly post-transcriptional silencing mechanism of the GFP transgene. At least one natural endo-siRNA target, the transposon mdg1, shares this predominance of post-transcriptional silencing and we speculate that this may generally be the case for endo-siRNA-mediated repression. This is not to say that there is no transcriptional silencing of transposable elements in Drosophila, but we propose that this mechanism depends on a distinct pathway.
The endo-siRNA pathway can initiate a de novo response against invading genetic elements The analysis of small RNA libraries from various sources has led to the conclusion that endo-siRNAs derive from doublestranded precursors (Chung et al, 2008; Czech et al, 2008; Ghildiyal et al, 2008; Kawamura et al, 2008; Okamura et al, 2008a) . The origin of this double-stranded RNA is obvious in the case of hairpin-forming sequences or regions with convergent transcription, though small RNA generation does not necessarily occur in all cases in which convergent transcription takes place (Okamura et al, 2008a) . Our stably integrated GFP expression vector has allowed us to carry out fine mapping of endo-siRNA reads. Convergent transcription of a repetitive element, initiated by surrounding promotors or between neighbouring elements in a head-to-head arrangement, should result in a more or less even distribution of endo-siRNAs across the entire sequence. In contrast, the observation that endo-siRNAs are preferentially produced from transcribed and spliced mRNAs suggests an additional or alternative model in which distinct mechanisms generate each strand of the dsRNA precursor: the sense strand can be contributed by the normal mRNAs, whereas the opposite strand arises from antisense transcription. Alternatively, the mRNA could be converted to dsRNA by the action of an RdRP. Even though Drosophila does not have a gene coding for a canonical RdRP, an RdRP-like activity has been described (Lipardi et al, 2001 (Lipardi et al, , 2005 Nishikura, 2001; Wei et al, 2003) , and in principle the mRNA-synthesizing enzyme RNA Pol II cannot only use DNA but also RNA as a template (Lehmann et al, 2007) . Our finding that endo-siRNA sequences never cross an exon-exon junction rules out any RdRP-like mechanisms. Although we can exclude the involvement of a processed pseudogene in the case of white because it simply does not exist in the genome, the silencing of other natural endo-siRNA targets may be augmented by the presence of corresponding pseudogenes as described for mouse cells (Tam et al, 2008; Watanabe et al, 2008) . Transacting sequences were also not required in the case of the artificial plasmid sequences giving rise to small RNAs, as it is impossible that a corresponding sequence is already present elsewhere in the genome. Together, our results lend support to the hypothesis that antisense-oriented transcripts arising from the repetitive element itself base pair with the sense transcript ( Figure 6B ).
As a consequence, antisense transcription is one of the key factors needed for an endo-siRNA response. One possibility to generate antisense RNA is the pervasive transcription of intergenic regions that has been detected in Drosophila and other species (for review, see Kapranov et al, 2007) . This 'noise' in transcriptional initiation can make a substantial contribution to the cellular RNA pool (Struhl, 2007) and essentially leads to a low level of transcription along most of the genome. In Saccharomyces cerevisiae, most promotors were even shown to generate a low level of transcription in the antisense direction relative to their targets (Neil et al, 2009) . If these antisense transcription events are proportional to the copy number and-in the case of single-copy genes-below a threshold to allow significant production of dsRNA with their cognate mRNA transcripts (a reasonable Pathway-specific components are labelled in red. For the Loqs isoforms and R2D2, the individual dsRBDs are numbered to make the differences more obvious. Although a RISC-loading complex (RLC) has been discovered for siRNAs Tomari et al, 2004) , analogous complexes for endo-siRNAs and miRNAs are yet to be identified. (B) Generation of dsRNA precursors for the biogenesis of endo-siRNAs. For transcribed regions, one of the two strands can be, and usually is, (see Figure 5 ) contributed by the normal mRNA transcription machinery. This RNA is spliced before duplex formation with an antisense transcript. Although the exact circumstances leading to antisense transcription are unclear and may vary between loci, the lack of endo-siRNAs crossing exon-exon junctions clearly rules out any templating role for the sense strand.
assumption given the low abundance of antisense transcripts), then sequences with a high-copy number can be identified by the endo-siRNA system simply based on the amount of antisense transcripts produced. In other words, the products of RNA polymerases reading in the antisense direction may serve to integrate over multiple occurrences and thus 'count' the copy number. Genetic studies can provide an estimate of where the response threshold lies in Drosophila: at least six copies of an adh-white transgene were necessary to induce silencing and the production of 21-25 nt small RNAs (Pal-Bhadra et al, 2002) . Furthermore, a putative self-regulation mechanism was proposed that restricts the copy number of active I-elements to 10-15 copies several generations after introduction (Vaury et al, 1993) . Interestingly, resistance against the I-element transposon could be induced by the artificial introduction of partial I-element sequences. The efficiency increased with higher copy number of the I-element fragment and with transcription of the I-element sequence, but the orientation of transcription (sense versus antisense) did not matter (Jensen et al, 1999a (Jensen et al, , 1999b . Altogether, this correlates well with our finding that about eight integrated plasmid copies lead to an endo-siRNA response, which is just above our detection limit.
Do the endo-siRNA and the piRNA silencing systems interact?
In the germ line, the piRNA system is responsible for repressing mobile genetic elements but it is unclear how de novo initiation of a piRNA response occurs; the fact that piRNAs must be inherited maternally through the oocyte cytoplasm to control transposable elements argues that such a response cannot be initiated easily and requires several generations to establish (Jensen et al, 1999b; Blumenstiel and Hartl, 2005; Brennecke et al, 2008) . Analysis of endo-siRNA and piRNA origin suggests that in certain cases the same genomic region gives rise to both endo-siRNAs and piRNAs (Chung et al, 2008; Czech et al, 2008; Ghildiyal et al, 2008; Kawamura et al, 2008) , notably the flamenco cluster. The gypsy element can become mobilized in a cycle that involves generation of proviral elements in somatic cells, followed by their transfer into female germ cells and integration into the F1 genome (Chalvet et al, 1999; Pelisson et al, 2002) . This 'lifestyle' is paralleled in the repression by both piRNAs and endo-siRNAs (Vagin et al, 2006; Brennecke et al, 2007; Gunawardane et al, 2007; Chung et al, 2008; Czech et al, 2008; Ghildiyal et al, 2008; Kawamura et al, 2008) . Ghildiyal et al (2008) detected piRNA-sized small RNAs in ago2 null mutant somatic tissue, whereas Czech et al (2008) found endo-siRNAs also in the gonads. The discovery that repression of flamenco targets in the somatic follicle cells does not depend on a ping-pong mechanism between Piwi family proteins showed a distinct biogenesis pathway for piRNAs targeting this class of transposable elements (Li et al, 2009; . Our results cannot contribute further mechanistic information on a potential connection between piRNAs and endo-siRNAs, but we have shown that, at least, the endo-siRNA pathway has the capacity to mount a de novo response against any invading selfish genetic element in somatic cells. Thus, one hypothetical way to initiate a piRNA-dependent repression might be through the intermediate of an endo-siRNA response.
Materials and methods
Cell culture, RNAi and FACS analysis
Drosophila Schneider 2 (S2) cells were cultured in Schneider's medium (Bio&Sell, Nü rnberg, Germany) containing 10% fetal calf serum (Thermo), transfected and treated to induce RNAi essentially as described (Shah and Forstemann, 2008) . The dsRNA triggers were either previously described (Forstemann et al, 2005) 0 -CGTAATACGACTCACTATAGGTGGTGTAGTCCTCGTTGTGG-3 0 . Cells were seeded at 0.5 Â10 6 cells/ml and 20 mg/ml dsRNA was added to the medium. On day 2, the cells were split 1:5 into a fresh culture dish and the dsRNA treatment was repeated. On day 6, GFP fluorescence was quantified in a Becton Dickinson FACSCalibur flow cytometer. The pKF63 expression construct was used as published .
Sample preparation and bioinformatic analysis of deep sequencing data
Small RNAs were isolated and libraries for Solexa sequencing were prepared essentially as described by Czech et al (2008) , a detailed protocol is available on request. Solexa sequencing was carried out at Fasteris (Plan-Les-Ouates, Switzerland). For previously published deep sequencing data, the FASTA files were retrieved from NCBI GEO (GSM239041, GSM239050, GSM239051, GSM239052, GSM280089) and mapped onto the target sequences using BOWTIE (http://bowtie-bio.sourceforge.net/) with the option -v0 to force selection of only perfectly matching sequences. Pre-processing of sequences and analysis of the BOWTIE output files were done using PERL scripts (available on request). The sequence data are available at NCBI GEO under the accession number GSE16958.
Labelling and purification of newly synthesized RNA, qRT-PCR S2 cells were treated with dsRNA directed against dcr-2 or DsRed in 10 -cm culture dishes as described above, except that the dsRNA concentration was 3 mg/ml. The general approach for RNA labelling, biotinylation and purification has been previously described by Dolken et al (2008) , the final concentration of 4-thio-uridine was 100 mM during the 60 min incubation step (applied in Schneider's medium with 10% fetal calf serum). RNA was extracted with TRIzol (Invitrogen) and 100 mg of total RNA was used for biotinylation. Reverse transcription was primed with random hexamers (Eurofins-MWG) and carried out on 100 ng of RNA with Superscript II (Invitrogen). qRT-PCR was carried out on an ABI Prism 7000 sequence detection system (Applied Biosystems) and expression was quantified with the 2 ÀðDDCtÞ method (Livak and Schmittgen, 2001) . Primers used for amplification are: hsp70 s 5 0 -AGGACTTTGACAACCGGCTA-3 0 and hsp70 as 5 0 -ACAGTGCGTCAAT CTCGATG-3 0 ; dcr-2 s 5 0 -GTTCCGCTTTGGTCAACAAT-3 0 and dcr-2 as 5 0 -GGCTGAACATCAGCTTCCTC-3 0 ; white s 5 0 -CTA ATATCCTGCGCC AGCTC-3 0 and white as 5 0 -ACGGAACCATGAGAGGTACG-3 0 ; GFP s 5 0 -ACGTAAACGGCCACAAGTTC-3 0 and GFP as 5 0 -AAGTCGTGCTGCT TCATGTG-3 0 ; gapdh s 5 0 -CTTCTTCAGCGACACCCATT-3 0 and gapdh as 5 0 -ACCGAACTCGTTGTCGTACC-3 0 ; primers for mdg1, 297 and rp49 were as previously described by Chung et al (2008) .
3
0 RACE PCR analysis of the loqs-RD variant RNA from S2 cells was prepared using the miRNeasy mini kit (Qiagen, Hilden, Germany). An amount equal to 1 mg of total RNA was reverse transcribed (Superscript II, Invitrogen) using the oligo(dT) primer from the GeneRACER Kit (Invitrogen) 5 0 -GCTGT CAACGATACGCTACGTAACGGCATGACAGTG (T) 18 -3 0 . PCR was carried out using a primer at the end of loqs exon 3 (5 0 -CAAGGATCCA ATGCCACAGGCGGAGGAGAT-3 0 ) and the 3 0 -end reverse primer from the GeneRACER kit (5 0 -GCTGTCAACGATACGCTACGTAACG-3 0 ) using a 5:1 mix of Taq and Pfu (Fermentas) polymerases and a 1:20 diluted cDNA template at 551C annealing temperature.
Copy number determination by qPCR
Quantitative PCR analysis was carried out with SYBR green mixes (Dynamo-Flash, Finnzymes) using 10 ng of genomic DNA as template. The primers for GAPDH were as described above; for the ubiquitin promotor: 5 0 -GCCGGTAGAGAAGACAGTGC-3 0 and 5 0 -ACTGACTTGACCGGCTGAAT-3 0 ; for CG5599: 5 0 -CTCCCGGTACTAA CGTTCCA-3 0 and 5 0 TTGCATCAACTGGGTCATGT-3 0 ; for CG1673: 5 0 -ATGAACATGAACCGCATGAA-3 0 and 5 0 -GGCTGAGGATCGTGTAGA GC-3 0 .
Protein extraction, co-immunoprecipitation and western blotting
The myc-tagged constructs for Loqs-PB and Loqs-PA have been described previously by Forstemann et al (2005) , the construct for myc-tagged Loqs-PD was made analogously with 5 0 -AGCGGATCCA TGGAACAAAAACTTATTTCTGAAGAAGACTTGGAACAAAAACTTAT TTCTGAAGAAGACTTGGCCAAGAACACCATGGACCAGGAG-3 0 as sense and 5 0 -CAAAGCGGCCGCTTAGATCTTGATGAACTC-3 0 as the antisense primer. Myc-tagged R2D2 was amplified from cDNA with the primers 5 0 -AGCGGATCCATGGAACAAAAACTTATTTCTGAAGAAGAC TTGGAACAAAAACTTATTTCTGAAGAAGACTTGGCCCTTGAACTCA TGGATAACAAG-3 0 and 5 0 -CAAAGCGGCCGCTTATACGCATTAAATC AA-3 0 and inserted into the same expression vector as the other plasmids (Forstemann et al, 2005) .
Cells were collected and washed twice in PBS (Invitrogen). The pellet was re-suspended in lysis buffer (30 mM HEPES, 100 mM KOAc, 2 mM MgCl 2 , 1 mM fresh DTT, 1% (v/v) Triton X-100 (Sigma), 2 Â protease inhibitor cocktail (complete without EDTA, Roche Molecular Biochemicals; Basel, Switzerland)) and frozen in liquid nitrogen. Samples were thawed on ice and cell debris was pelleted in a refrigerated microcentrifuge at 15 000 g (Eppendorf).
Protein concentrations were determined by Bradford Assay (Bio-Rad, Hercules, CA, USA).
For immunoprecipitation, 1 mg total protein was incubated with 50 ml a-myc affinity agarose (A7470, Sigma; washed three times in 1 ml of lysis buffer) for 2 h at 41C on an overhead rotator. Flow through and beads were separated by spin columns (MoBiTec, Göttingen, Germany) and washed four times with 500 ml lysis buffer. Bound proteins were eluted by applying 15 ml 1Â SDS sample buffer and heating to 951C for 5 min. Western blotting was carried out as previously described by Forstemann et al (2007) ; a-Loqs antibody (Miyoshi et al, 2009 ) was diluted to 1:4000; a-Dcr-2 antibody (Abcam ab4732-100) was diluted to 1:1000.
RNA extraction and northern blotting RNA was extracted with TRIzol and probes for the detection of bantam miRNA and 2S rRNA were used as described (Forstemann et al, 2005) . We used a DNA antisense probe for the detection of CG4068 B endo-siRNA (Okamura et al, 2008b) .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
